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Sickle cell anemia was first described by Herrick^ in 1910, and is frequentiy
referred to as Herrick's Syndrome. It is defined in Osier's Modern Medicine, published
in 1927, as a "hemolytic anemia with a peculiar change in the shape of the red cells
(sickle cells), most striking in fresh blood specimens which have stood for 24 hours."
Further, it was stated "it is apparently restricted to Negroes of both sexes and
although of unknown etiology seems to depend upon a familial or hereditary defect
in the spleen and blood-forming organs, with a resulting change in the red blood
cells which predisposes to hemolysis and phagocytosis."
Sydenstricker,^ in 1924, recorded 80 clinical cases. Following the description by
Herrick' and the clinical observations by Sydenstricker' and others, there were comparatively few important observations or basic researches intO' the pathogenesis of
sickle cell disease until Pauling, Itano, Singer and Wells^ in 1949, employing electrophoresis, discovered the disease was due to an abnormal hemoglobin molecule of
hereditary origin.
Itano* and associates in 1951 and 1954 demonstrated three additional abnormal
hemoglobins in cases of hereditary hemolytic anemia using electrophoretic mobility.
By 1956, Itano^ and his colleagues had collected eight variants of hemoglobin, namely,
C, D, E, S, H , I , J, and K, in addition to A, F, and S.
Sickle cell disease has been of special interest to aviation in general and to military
aviation in particular since the publication of Henderson and Thomefl,' 1946, in
which the results of studies on 312 Negro aviation cadets and combat veterans, of
whom 23 had sicklemia, were described. No evidence that the sickle cell trait interfered with their effectiveness as aviators was found.
Findlay, Boulter and MacGibbon,' 1947, took three African volunteers who
had the sickle cell trafl to 15,000 feet without oxygen and found only minimal
sickling in each. They stated, "Though flying for a short time at 15,000 feet does
not necessarily induce sickling crisis . . . it may cause increased sickling . . . it is
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possible that sooner or later an African will be found who wifl sickle when fiown at
10 to 15,000 feet for a comparatively short time."
Colonel Sullivan,' in 1950 under the tide "Danger of Airplane Flight to Persons
wflh Sicklemia," detailed the history of an 18 year old Negro soldier who developed
abdominal pain, nausea and vomiting during a flight from east to west at altfludes
of 10 to 16,000 feet. This subsided but recurred on the return trip. On examination
a greatly enlarged tender spleen with sickling of red blood cells was found. The
importance of sicklemia in military aviation was stressed for the first time.
Jernigan, Cooley, Peterson and Engel,' 1954, were apparently the first group
who attempted to correlate splenic infarction during fiight with a particular hemoglobin abnormality, identifying seven cases of sickle cell trait, and one case of sickle
cell anemia. The altitude of the fiights utilized was estimated to range from 8,000 to
15,000 feet. The patients ranged from 21 to 23 years of age and all but one were
Negroes.
Later in 1954, Smith and Conley'" reviewed 16 cases of splenic infarction occurring in sickle cell disease and classified the hemoglobin abnormality with electrophoresis. Twelve cases of S - A hemoglobin and four cases of S - C hemoglobin
were studied. A l l fiights ranged from 4,000 to 15,000 feet. Splenectomy was performed in only six. These authors conclude that the sickling phenomenon may have
important implications for both milflary and civilian aviation. Sickle cell - hemoglobin
C disease should, in their opinion, disqualify an individual for flying; a smaller but
definite hazard exists to the flyer wflh sickle cell trait.
Rose C. Schneider" analyzed the hemoglobin from 1,550 Negro patients at the
University of Texas in 1956 and found 139, or 9.0 per cent, with^sickling red blood
cefls, giving the A - S pattern of sickle cell trait, whereas 35, or 2.3 per cent, had the
A - C pattern of hemoglobin C trait. Four patients showed type S and F hemoglobin,
characteristic of sickle cell anemia. One patient had equal quantities of S and C
typical of sickle cefl hemoglobin C disease. Two patients showed 75 per cent S and
the remaining 25 per cent F and A, or the pattern of sickle cell thalassemia disease.
It is stated that hemoglobin wflh typical mobflity of type S was found in all cases
with sickling, but not in those lacking this mobility.
In the study of Haynie, Dobson and Hettig'^ 910 white persons were screened
but no abnormal hemoglobins were found. Of the 1,405 Negroes screened 11.4 per
cent were shown to have abnormal hemoglobins. S-hemoglobin was present in 9.4
per cent and C-hemoglobin in 2.2 per cent. Sickle cell anemia ran 1.3 per cent,
making seven trait cases to every one of anemia.
In Loyke's investigation at Langley A i r Force Base, 202 Negroes were screened
for abnormal hemoglobins and five, or 2.4 per cent, were found. Four of these
showed A - S hemoglobin and one S - S hemoglobinhomozygous, or sickle cell
anemia. This patient had a sickle cell crisis during the course of the study.
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Loyke" feels that electrophoresis is the only rehable screening method for sickle
cell disease, and that ideally this method should be used for the screening of all Negro
military personnel. S - S hemoglobin, or sickle cell anemia, disqualifies the individual
for military service at present, but the author recommends that sickle cell hemoglobin-C
disease be considered as a disqualification for flying. This coordinates with the
recommendation of Smith and Conley;'^ Rotter, Luttgens, Peterson, Stock and
Motulsky;''' Findlay, Boulter and MacGibbon;' Cooley, Peterson, Engel and Jernigan;'
and Levin, Baird, Perry and Zung.'^
Loyke's experiments were carried out in a decompression chamber using the
bloods of the five individuals identified as having abnormal hemoglobin; four with
A - S, and one with S - S. The red blood cells with A - S hemoglobin first showed
oat-shaped cells at 6,500 feet, and continuing up to 11,000 feet when multipointed
sickle cell forms appeared.
The per cent of sickle cefls increases to 60 at a simulated 40,000 feet. The oatshaped cells were not seen in normal or S - S hemoglobin blood. With the S - S
hemoglobin red blood cefls the first sickle cefls appeared at 4,000 feeL At 10,000
feet, 20 per cent sickling occurred, and at 40,000 feet, 75 per cent sickling of the
multi-pointed type was produced. These results tend to reaffirm the observation
that blocking of splenic and cerebral vessels at 4,000 to 6,500 feet in individuals
with the sickle cell trait A - S hemoglobin, while those with S - S hemoglobin, or
sickle cell anemia, may have trouble at altitudes of only 4,000 feet.
Levin, Baird, Perry and Zung'' transfused compatible red blood cells labeled
with chromium during periods of hypoxia (60 to 90 minutes) induced by breathing
varying mixtures of oxygen and nitrogen. Measurement of the radioactivity over
spleen, hver and heart was made.
Simulated altitudes of 7,000 to 9,000 feet produced no changes in individuals
with normal A-hemoglobin, or in one patient with sickle trait A -S hemoglobin at
5,000 feet.
Four patients with A - S hemoglobin sickle cell trait exposed to simulated
altitudes (two at 7,000 and two at 8,000 feet) showed in every case either an increase
in splenic radioactivity or a reduction in liver radioactivity which remained for 3 to
15 days. This work tends to show that sequestration of labeled red blood cells
containing S-hemoglobin is produced with simulated altitudes of 7,000 to 8,000 feet.
PATHOLOGY OF SICKLE CELL DISEASE CRISIS

Tomlinson," in 1945, reviewed the pathology of sickle cell disease in seeking
an explanation for abdominal crises and advanced shock due to a lack of normal
functioning red blood cells as principal factor in the pathogenesis. Hemorrhage and
intravascular hemolysis were discounted as precipitating causes. In summary, the
author emphasizes that shock due to anoxia accompanying anemia is increased as
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sickled cefls do not carry, or are poor carriers, of oxygen to the tissues; sickled cells
have a tendency to pack or jam in small capillaries; the capfllary anoxia results in
plasma loss, hemoconcentration, stagnation, and the stagnation removes more red
blood cells from the circulation, increasing the anoxia, thus producing a vicious cycle.
Kunmelstiel" accepted Tomlinson's theory as a working hypothesis that sickle
ceU crisis constitutes an equivalent to preshock or shock. However, he adds that
peripheral vascular spasm may occur as a compensating mechanism to maintain
normal blood pressure, but that this wfll increase tissue anoxia leading to further
sickling and the introduction again of a vicious cycle.
Kimmelstiel" postulates that peripheral vascular spasm may lead to ischemic
necrosis of various organs and tissues, including capillary walls, giving an explanation
of ischemic infarction without vascular thrombosis. Further engorgement and packing
of capfllaries without sickle cells may be a result rather than a cause of capiUary stasis.
Song" in his review of the lesions in 31 cases of sickle cell anemia fefl that
the histopathology of the liver suggested that they were produced by impairment of
blood flow, with resulting anoxic necrosis of the hepatic cells. Sinusoidal blockage
by stagnation of the sickled red blood cells, or hyaline thrombi caused by intrasinusoidal hemolysis and vascular agglutinative thrombi of the hepatic capfllaries
appeared responsible for the anoxic necrosis.
Aside from the acute and chronic lesions of the spleen, liver and brain the
pathology found in the eye as an acute or chronic obstructive vascular disease with
vitreous hemorrhage is probably the most important finding from the aviation point
of view.
Goodman, Saflomann and Hofland" have recentiy brought this subject up to
date wflh the report of five cases. Of the five cases with ocular pathology, four were
demonstrated to be sickle cell hemoglobin C disease, and the fifth probably sickle
cefl hemoglobin D disease. In addition, three other cases of sickle cell hemoglobin C
disease with retinitis proliferans have been reported to the authors.
The investigators state that the retinal lesions described are accounted for on
the basis of vascular stasis and obstruction in both arteries and veins simflar to that
found in other organs and tissues of sickle cell disease patients.
Although seven of the eight cases mentioned are in the sickle cell hemoglobin C
disease group, sickle cell trafl cases may have ocular manifestations along wflh
disturbances in other organs.
The specific lesions noted in this study include retinitis proliferans, aneurysmal
vascular dilatations, arborizing vascular networks, focal constrictive, dilatation,
sheathing and obstruction of arterioles and venules, development of chalk-white vessels
owflig to intravascular contents, preretinal hemorrhages simulating retinal tears and
vitreous and retinal hemorrhages.
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Of particular interest in aviation is the authors' comment that "the occurrence
of such pathology in Negroes or in Caucasians of Mediterranean origin warrants
testing for a sickling tendency and the performance of hemoglobin electrophoretic
studies if sickling is present."
PATHOLOGICAL PHYSIOLOGY

Lange, Minnick and Moore™ studied two factors which influenced the susceptibflity to sickling, namely, oxygen tension and hydrogen-ion concentration. They
agree with earlier workers that a decrease in these factors increased the sickling
tendency. Once sickling was established, either in sickle cefl anemia or sickle cefl
trait, the red blood cells were less resistant to mechanical trauma, and since more
sickling occurred in the anemia at a given decrease in O2 tension mechnical fragility
was increased.
Greenberg, Kass and Castle^' examined the sickle cell diseases which involved
hemoglobin S as to the concentration of the different hemoglobins in the red blood
cells, the clinical signs of sickling, and the changes in blood viscosity after deoxygenation in vitro under uniform conditions of hemocrit, CO2 tension and temperature. It
was found that the mean corpuscular S hemoglobin concentration and the sickle
cell disease clinical picture were related in a general way. Patients with mean corpuscular S hemoglobin concentration of less than 15 grams per cent of S hemoglobin
showed no anemia or sickle cefl crisis. Patients with mean corpuscular S hemoglobin
concentration of 15 to 18 grams per cent S hemoglobin showed only mild hemolytic
anemia. Definite anemia, bony lesions and obvious crises were found only in patients
with mean corpuscular S hemoglobin concentration levels of 20 grams per cent S
hemoglobin.
At a given hemocrit and pH the effect of progressive deoxygenation upon the
viscosity of whole blood depended upon mean corpuscular S hemoglobin concentration
levels. In pH ranges of 7.2 - 7.4 changes in viscosity were comparable to those found
in solutions of S hemoglobin but with concentrations of S hemoglobin above 10 grams
per cent the viscosities rose sharply.
Decreasing the pH of bloods from sickle cell disease patients resulted in increases
in viscosity when partially deoxygenated up to a maximum at pH 6.8 to 7.0. By the
same token increasing the pH decreased the viscosity of partially deoxygenated blood.
Decrease of the p H of SS blood failed to increase the viscosity, but with fully reduced
S - A blood the same procedure showed a sharply increased viscosity. The increased
viscosity of blood occurring with deoxygenation appears as a major factor in the
pathologic physiology of sickle cell disease and this probably occurs in areas of greatest
erythrocyte stagnation.
Fowler and Greenfield" found in sicklemia patients two principal difficulties in
oxygenating their blood. The first is a pulmonary defect producing difficulty in
maintaining a normal alveolar-arterial oxygen tension gradient, and the second is
the hemoglobin defect associated with deficient uptake of oxygen by sickle hemo113
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globin at a given oxygen tension so that the dissociation curve of oxyhemoglobin
is displaced to the right of normal.
Studies were made on eleven normal patients and ten patients with sicklemia
and the latter group all showed a reduction in arterial oxygen saturation. Low arterial
oxygen tensions and increased alveolararterial oxygen tension gradients were observed
in the sicklemia group, which was reduced by breathing 15.6 per cent oxygen, a
lower oxygen uptake by sickle hemoglobin was shown. The low arterial oxygen
saturation in sicklemia is apparently due to increased alveolar-arterial oxygen tension
gradient coupled wflh an abnormal oxyhemoglobin dissociation curve.
Sproule, Halden and Mfller" demonstrated unsaturation of the arterial blood, in
16 of 21 patients with S hemoglobin in various combinations. By measuring the
alveolar-arterial gradients on three levels of oxygenation it was determined that the
desaturation is principally the resuk of intrapulmonary shunting of blood, but defects
in diffusion also are present.
Increased cardiac outputs and blood volumes resulted in decreased pulmonary
vascular resistances. Administration of very low concentrations of oxygen, that is
9 to 11 per cent, though increasing the amount of sickling in the arterial and venous
circulation resulted in no noticeable change in the subjects.
SUMMARY

In addition to normal adult, foetal and sickle hemoglobins, eight abnormal
hemoglobin variants have ben identified. These variants are readily and rapidly
recognized by group electrophoresis.
Previous to the discovery that a molecular abnormality in the hemoglobin was
the etiological factor and screening of bloods by electrophoresis for diagnosis, the
importance of sickle cefl disease in aviation was questionable. A short time later
Sullivan reported under the title, "Danger of Airplane Flight to Persons with
Sicklemia," a Negro soldier who had a crisis during a flight from east to west,
which subsided but recurred on the return trip, and a large tender spleen along with
sickling of the patient's red cefls, were demonstrated.
In 1954 alone, 25 additional cases of splenic infarction appeared in medical
reports. Eighteen of these were sickle cell trafl having S - A hemoglobin. Four were
sickle cefl hemoglobin C disease having S - C hemoglobin. Only one was classified
as SS hemoglobin or sickle cell anemia.
Loyke, working in an Air Base, screened 202 Negroes for abnormal hemoglobins
by electrophoresis. Four showed A - S hemoglobin and one SS hemoglobin. He,
along with five other groups of investigators, recommended screening of all Negro
flying personnel by electrophoresis and grounding of those found to have SS hemoglobin-sickle cell anemia and S - C hemoglobin-sickle cell hemoglobin C disease.
This recommendation, made by investigators of the acute crises and splenic infarctions
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associated with flying, is strongly supported by pathologists who have presented the
chronic and terminal lesions of sickle cefl disease involving as they do the brain,
bones, lungs, liver, kidneys, spleen and eye.
The ocular manifestations may prove of increasing importance as chronic incapacflating lesions for military personnel. Some 76 cases have been reported to
date, especially in view of the fact that a number of the recent cases are classified
as sickle cell hemoglobin C disease and several as sickle cefl trait-S - A hemoglobin
disease.
Current research in the pathologic physiology also supports the recommendation
in that both oxygen tension and pH influences susceptibflfly to sickling of red blood
cells containing abnormal hemoglobins. Decrease of these factors increases the tendency of these cells to sickling, which in turn makes them less resistant to mechanical
trauma.
It has also been demonstrated that at a given hemocrit and p H the effect of
progressive deoxygenation upon the viscosity of whole blood depends on the mean
corpuscular S hemoglobin concentration. This reaction appears to be one of the
major factors in the pathogenesis of sickle cefl disease lesions as it probably occurs
in sfles of greatest red blood cell stagnation.
There is evidence that an unsaturation of arterial blood in about 75 per cent
of patients with S hemoglobin exists and that this may be due to a pulmonary defect
which results in a pulmonary shunting of blood. In addition there appears to be a
deficient O2 uptake by S hemoglobin with an abnormal oxyhemoglobin dissociation
curve.
CONCLUSIONS

1. Clinicians and investigators alike have recommended that Negroes be screened
by electrophoresis for abnormal hemoglobins before induction as flying personnel
for their own safety and for the good health interests of the mflitary services.
2. Rapid, accurate and inexpensive group electrophoretic screening on bloods drawn
for serology or chemistry makes this study practical at this time.
3. In addition to acute crises and splenic infarction demonstrated to occur during
flight, subjects with sickle cell disease are subject to subacute and chronic lesions
involving the brain, bones, lungs, liver, spleen and eyes.
4. The health hazard has until recently been associated only with sickle cell anemia,
but rapidly accumulating clinical and research data now shows that patients with
sickle cell trait and sickle cell hemoglobin C disease are disposed to intravascular
sickling and increases in blood viscosity, both of which favor slugging of the red
blood cells within the vessels.
5. Several groups of investigators have found an unsaturation of arterial blood in
the majority of patients with S hemoglobin probably due to pulmonary shunting
of blood and an abnormal oxyhemoglobin dissociation curve.
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